Objective: To establish the relationship between the presence of type 1 diabetes mellitus (DM) and auditory dysfunction in clinical settings by a systematic review and meta-analysis of currently available published data.
INTRODUCTION
In 2014, the World Health Organization (WHO) estimated that over 360 million people (i.e., 5% of the global population) had hearing loss due to genetic factors, complications at birth, use of particular drugs, chronic ear infections, noise exposure, and aging. 1 However, the relationship between diabetes mellitus (DM) and sensorineural hearing loss (SHL) has not been well established until now. 2 Insulin-dependent DM (also known as IDDM) is characterized by the presence of insulitis and b-cell autoantibodies, 3 which arise from autoimmune destruction of insulin-producing b-cells. The common complications of DM, such as retinopathy, nephropathy, and neuropathy, are mostly mediated through microangiopathy. 4 In DM patients, the mechanism of hearing dysfunction (as with dysfunction in the retina and kidney), is not clear largely because it cannot be assessed by intravital examination. The experimental studies of cochlear structures performed in animals with induced diabetes showed that the microangiopathy associated with diabetes might affect the vascularization of the inner ear, causing degeneration of its structures by interference of nutrient transportation due to thickened capillary walls and flow reductions due to narrowed vessels. 5, 6 The histopathological studies in temporal bones of the IDDM patients also showed microangiopathic changes of the cochlea, evidenced as thickening of the capillary walls in the stria vascularis and in the basilar membrane; atrophying of the stria vascularis; and loss of spiral ligament cells in upper turns. 7 The retrocochlear auditory neural changes caused by demyelinating disorders and neurodegenerative diseases were associated with the progression of hearing loss. 8 
Horikawa et al. performed a meta-analysis evaluating hearing loss (HL) among individuals with DM and
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
Additional supporting information may be found in the online version of this article.
From the Department of ENT, Nanjing First Hospital, Nanjing Medical University (Z-P.T., R.T., F-L.X., H.T., J-J.X., B-W.Z., J-W.Q.), Nanjing, People's Republic of China.
Editor suggested that DM patients have a higher incidence of hearing impairment compared with nondiabetic patients. 9 Akinpelu et al. conducted a systematic review exploring the effects of type 2 DM on hearing function and found that patients with type 2 DM might be at greater risk for developing HL (especially mild HL) compared to control subjects. 10 Some earlier studies held the opinion that pure tone audiometric thresholds were significantly higher in diabetic patients than in control subjects at all frequencies. 2, 11, 12 However, others thought that there was no statistically significant difference in the thresholds for pure tones between diabetes and controls. 13 Thus, in this study we sought to quantitatively analyze the currently available data of the hearing function in patients with type 1 DM compared to control groups.
MATERIALS AND METHODS

Literature Search
The electronic databases PubMed, Embase, and Wanfang Data were used to search for eligible studies from their inception until May 30, 2016 . The search terms included were as follows: (hearing loss OR hearing impairment OR hearing damage OR auditory impairment OR auditory damage OR deaf) AND (insulin-dependent diabetes mellitus OR type 1 diabetes mellitus OR type 1 diabetic). References from the retrieved articles were also analyzed for the inclusion of any missing studies relevant to our review.
Inclusion and Exclusion Criteria
The most common methods of testing hearing impairment in published literature included pure tone audiometry (PTA), auditory brainstem-evoked response (ABR), and otoacoustic emissions (OAE). Pure tone audiometry is a hearing testing used to identify hearing threshold levels of an individual, helping determination of the degree, type, and configuration of hearing loss. Pure tone audiometry is a measurement of hearing threshold and relies on the response of patients to pure tone stimuli at various frequencies, usually ranging from 250 to 8,000 Hz. Pure-tone threshold over 25 dB at any frequency was defined as hearing loss.
14 Auditory brainstem-evoked response is a testing method that records electrically evoked potentials over the scalp to evaluate function of the auditory pathway along the acoustic nerve: cochlear nuclei, superior olivary complex, lateral lemniscus, and inferior colliculi, represented, which are described as waves I, II, III, IV, and V, respectively. 15 Otoacoustic emissions can record the acoustic energy produced by the cochlea in the outer ear canal, reflecting active mobility of the outer hair cells and revealing early or subclinical cochlear damage. 16 Because the testing conditions, units, and forms for outcomes of OAE were different across all available studies, it was inappropriate to pool and analyze the relevant data. In this study, quantitative analysis of the PTA thresholds and ABR wave latencies were performed in patients with type 1 DM and age-matched nondiabetic controls.
The inclusion criteria were as follows: 1) case-controlled studies or randomized controlled studies; 2) the methods of hearing evaluation used had to contain PTA or ABR; 3) the type of diabetes was type 1; 4) auditory impairment without specific causes, such as presbycusis, 15 noise, 17, 18 and hereditary disorders 19 ; and 5) language of reports limited to English. The exclusion criteria included: 1) reviews, case reports, and animal studies; 2) studies focused on both type 1 and type 2 diabetes or unknown types of diabetes; 13, 20, 21 3) studies without appropriate outcome measured (e.g., the means of PTA ranged from 500 to 8,000 Hz, or the latency times of ABR in any waves) [22] [23] [24] [25] or statistical data with no standard deviation 2, 12, 26 ; and 4) studies of elderly (aged greater than 65 years old) patients.
Study Selection
To elucidate the inclusion criteria, a protocol was written before the literature search. The first two authors (Z-P.T. and R.T.) independently screened the titles and abstracts retrieved by the electronic search to obtain a list of relevant articles. This list was jointly reviewed and a common list was generated. All relevant citations were reviewed in hard copies and as full texts to justify inclusion or exclusion, at first independently and later jointly by the first two authors. All divergence among the two reviewers was resolved by their consensus. Methodological quality was assessed by the Newcastle-Ottawa Scale.
Data Collection and Analysis
Two researchers (Z-P.T. and R.T.) performed data extraction independently using a standard extraction form. If the eligibility of the abstract was unclear, the full article was retrieved for clarification. Any problems were solved by discussion. Data collected from the eligible studies included study characteristics (e.g., the first author's name and the year of publication), clinical characteristics of patients (e.g., the number, mean values of age, and duration of diabetics) and methods of auditory evaluation, prevalence of HL, threshold of PTA, and latency time of ABR waves.
Meta-analysis of the data was performed using Review Manager Software version 5.3 (The Nordic Cochrane Centre). The data on the incidence of HL were entered into dichotomous formats and were obtained for the pooled odds ratio (OR) using a Mantel-Haenszel fixed-effects model, whereas the data of the PTA thresholds and ABR wave latencies were entered into continuous formats and were obtained for the pooled standardized mean of difference (SMD) using inverse variance and randomeffects model. The analysis model of choice was based on heterogeneity of the included studies.
Heterogeneity and Publication Bias
Statistical heterogeneity was explored using the chi squared (v 2 ) at the 5% significance level (P < 0.05). I 2 statistic was used to quantify variation across studies results. Betweenstudy variance was also estimated using tau-squared (s 2 ) statistic, and funnel plot was used to visually investigate publication bias.
RESULTS
Description of Included Studies
A schematic flow diagram detailing the systematic search and study selection is presented in Figure 1 . First, a total of 698 studies were retrieved, and then additional five studies were obtained from the reference lists of the relevant articles. Of these initial 703 studies, 533 studies were excluded based on their titles; 135 were excluded after reviewing the abstracts (e.g. reviews, case reports, animal studies, not a case-control association study, a study about type 2 DM); and 35 were left for detailed assessment of the full articles. After additional evaluation, 20 studies were further ruled out based on exclusion criteria, and 15 studies 11, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] were eligible for data extraction. Among them, Abd El Dayem et al. 31 recruited 21 diabetes patients (disease duration < 2 years) and 32 diabetes patients (disease duration 2 years), respectively, to analyze changes in ABR in the one study. The characteristics of the eligible studies are summarized in Table I . The quality scores of all 15 of the included studies were above six points, ranging from six to eight points (Table II) . Of those, only four studies [27] [28] [29] [30] demonstrated the incidence of hearing loss in type 1 diabetes and controls; five studies 11, [31] [32] [33] [34] provided the mean values of the PTA thresholds for diabetes patients and control subjects at various frequencies (500-8,000 Hz); and eight studies 32, 33, [35] [36] [37] [38] [39] [40] showed the mean values of latency and interpeak latency time of waves I, III, and V, respectively, and the intervals between them for both diabetic and control subjects.
Prevalence of Hearing Loss
As shown in Figure 2 , after 252 diabetes and 253 controls were pooled for the prevalence of HL, we found that patients with diabetes had a significantly higher prevalence than controls (OR 5 49.08, 95% confidence interval 5 12.03-200.31, Z 5 5.43, P < 0.00001), suggesting that patients with diabetes are more likely to have hearing thresholds greater than 25 dB when compared with nondiabetic subjects.
Pure Tone Audiometry Thresholds at Different Frequencies
The frequencies of 500; 1,000; 2,000; 4,000; and 8,000 Hz, respectively, were used in these studies. The averages of pooled PTA of the 339 patients with diabetes and 288 controls at each frequency studied are summarized in Figure 3D . The mean values of PTA were significantly higher at 4,000 Hz in patients with diabetes than controls, and the SMD between patients with diabetics and controls was 0.87 (Z 5 2.22, P 5 0.03, I 2 5 95%), but there were no significant differences at 500; 1,000; 2,000; and 8,000 Hz. It is worth noting that, although the mean PTA thresholds were higher in cases than in controls at 4,000 Hz, the PTA averages were still less than 25 dB, which did not meet the WHO definition about hearing loss.
Auditory Brainstem-Evoked Response Wave Latencies
The pooled wave I and III latencies were performed for 280 cases and 225 controls, whereas wave V latencies were performed for 265 cases and 210 controls. Analyses were performed for the interpeak latency of waves I to III for 159 cases and 152 controls, waves III to V for 144 cases and 137 controls, and wave I to V for 200 cases and 185 controls, respectively.
The SMD of the latency time was 0.54 (Z 5 2.69, P 5 0.007, I 2 5 78%) for waves III and 0.61 (Z 5 2.38, P 5 0.02, I 2 5 86%) for wave V, respectively. The SMD of the interpeak latency time was 0.41 (Z 5 2.84, P 5 0.005, I 2 5 39%) for waves I to III and 0.67 (Z 5 2.67, P 5 0.0008, I 2 5 81%) for waves I to V, respectively, between cases and controls (Fig. 4B, C, D, F) . The most significant difference was shown in waves I to V.
Publication Bias
The shapes of the funnel plots indicated that there is no significant publication bias (Appendix I). Furthermore, tau-squared (s 2 ) statistic was used to statistically confirm the funnel plot symmetry. The results still did not suggest significant publication bias. 
DISCUSSION
Based on the meta-analysis, there is an association between type 1 DM and auditory organ dysfunction: the odds of hearing loss are significantly increased in the type 1 DM. Although hearing impairment is mild and subclinical, the hearing threshold has markedly increased trend at the high frequency (e.g., 4,000 Hz). The ABR wave latencies (waves III and V) and interpeak latencies (waves I-III and I-V) are prolonged. This suggests that signal transduction efficiency of the central and peripheral auditory pathways, in particular the former, may be slowed down in type 1 diabetes.
The pooled OR value of the prevalence of HL in patients with type 1 DM versus controls was 49.08, which is higher than that reported by Horikawa et al., 9 in which the type of DM was not differentiated, or that reported by Akinpelu et al., 10 in which the patients of interest were limited to type 2 DM. This phenomenon may be due to normal hearing function in age-and gender-matched healthy controls. Because the highest prevalence of type 1 DM is in the pediatric group (0-4 years), 41 the recruited patients and gender-matched healthy controls are all from childhood to young adulthood (range of mean age from 12.1 6 2.9 to 30.3 6 7.8 years old) with normal hearing, excluding the possibility of special causes. However, the studies by Horikaw 9 (without separation of the type of DM) and Akinpelu 10 (a study of type 2 DM) did not explore the influence of aging, which is an important factor of hearing loss.
Moreover, we quantitatively analyzed the PTA thresholds for both diabetic and control subject at the different frequencies and found that the mean values of PTA were significantly higher at 4,000 Hz in patients with type 1 diabetes than in controls, although they did not meet the requirements of the definition of HL (puretone threshold greater than 25 dB at any frequency). , respectively, evaluated the mean difference for PTA thresholds of right and left ear in the same patients with diabetics or controls. Bars and diamonds denote 95% CIs. The weights of each study in the meta-analysis are indicated. Analysis mode 5 random effect; IV 5 inverse variance; effect measure is std. mean difference. CI 5 confidence interval; PTA 5 pure tone audiometric; SD 5 standard deviation; std. 5 standardized. : the disease duration 2 years ; 2 : the disease duration < 2 years. Bars and diamonds denote 95% CIs. The weights of each study in the meta-analysis are indicated. Analysis mode 5 random effect; IV 5 inverse variance; effect measure is std. mean difference. CI 5 confidence interval; SD 5 standard deviation; std. 5 standardized. -5 zero score.
Abd El Dayem reported that the diabetic group recorded a significantly higher reading at the high frequencies (4,000 and 8,000 Hz) and even at increased high frequencies (16,000; 17,000; and 18,000 Hz). 31 Others supported that patients with diabetes only had a higher audiometric thresholds at high frequencies (> 2,000 Hz), 27, 32 and that although type 1 DM has no significant influence in the auditory system in clinical settings, it may be associated with a subclinical impairment in cochlea in the patients of interest. 37, 38 This suggests that type 1 DM may be a risk for developing mild or subclinical hearing impairment, especially at a high frequency.
Finally, we found that type 1 DM is associated with a specific impairment of the auditory brainstem function in patients with patients. Analysis of ABR in our study showed that latency time of waves III and V and the interpeak latency time of waves I to III and I to V were significantly longer in patients with diabetes than in controls, with the statistically significant difference indicated for waves I to V. These outcomes supported that diabetes might be a cause of certain dysfunctions of the central and peripheral auditory pathways. Because the statistically significant difference was shown in wave I to V latencies, we could infer that the influence of type 1 DM on central auditory pathway was more severe. The detailed mechanisms of the acoustic nerve impairment in type 1 DM remain unknown, but reduced conduction efficiency may result from auditory nerve demyelization and spiral ganglion loss. 39 On the other hand, the typical hearing loss in patients with diabetes is considered as a progressive, bilateral, sensorineural deafness of gradual onset, predominantly at the higher frequencies. 42 This may be a result of the impairment of the basal region of the cochlea, which could be explained by more vascularized and therefore more susceptible to damage in the basal region.
There are a few limitations that could be potential sources of bias in this meta-analysis. First, the sample number was insufficient. This may be due to exclusion of publications with important results, such as those published in other languages than English, or with a variety of hearing testing methods and various results presented in different studies, which made many data unsuitable to merge. Second, there was marked heterogeneity across the results derived from the included studies. This may be due to the number of studies included, variations in the sample sizes of the studies, differences in the populations of interest, and disparity in the proportions of diabetic to control participants in the included studies. Third, the included hearing test, such as the ABR and PTA, could only assess the function of the totality and the retrocochlear auditory pathway but was unable to evaluate the degree of damage of cochlear area. There were many studies that used OAE to reveal early or subclinical cochlear damage in type 1 DM. 24 For example, Nader et al. reported that the lower amplitudes of distortion product OAE in patients with diabetics at 1,000 Hz were considered as a dysfunction of the outer hair cells in the apical portion of the cochlea. 12 Elbarbary et al. pointed out that the transiently evoked OAE with suppression showed limited suppression in diabetic patients compared to control groups, particularly at high frequency and the overall suppression, implying a possible involvement of cochlear injury due to hyperglycemia. 42 However, as shown above, the data of these studies have been generated by various ways and conditions, and thus the forms of manifestation and units were difficult to integrate and analyze. Fourth, we did not explore the effect of microangiopathic complications (nephropathy and retinopathy), plasma levels of glycosylated hemoglobin (HbA1C), and the duration of diabetes to auditory function on our combined analysis because there was limited use of these data. For example, Elamin et al. reported that a positive correlation existed between these microangiopathic complications and hearing loss at high frequencies (6,000-8,000 Hz). 29 HbA1C was also associated with hearing loss, and outer hair cells may be damaged with the increase of HbA1C in some studies. 28, 34 Several authors found that the duration of diabetes was significantly correlated with the auditory threshold at many frequencies after multiple regression analysis, 8, 33 whereas other authors pointed out that the duration of diabetes did not affect hearing threshold in diabetic patients. 27, 31 Finally, publication bias cannot be avoided because many researchers are less likely to report negative findings.
CONCLUSION
This meta-analysis reveals that there is a relationship between type 1 DM and auditory dysfunction; that among type 1 diabetics, the odds of hearing loss is higher as compared to controls, although the hearing impairment may be mild and subclinical; and that signal transduction efficiency of the central and peripheral auditory pathways, in particular the former, may be slowed down in type 1 diabetes.
